Abstract We have demonstrated that by adding ferroelectric nanoparticles to poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) photovoltaic devices the relative efficiency can be increased compared to the same blend without these nanoparticles. In this work samples of 20 mg/ml concentrations of P3HT and PCBM were prepared in a 1:1 ratio and the samples prepared using ferroelectric barium titanate (BT) and strontium titanate (ST) nanoparticles in a 1:1:0.5 ratio. The samples were spin coated onto ITO coated glass with a layer of poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS). A top electrode of aluminium 1 cm 2 was deposited. The current-voltage characteristics of the devices were determined using a solar simulator and the absorption characteristics by UV-Vis spectroscopy. The samples with BT and ST exhibited increased absorption around 490 nm and increased open circuit voltage and short circuit current compared to the control P3HT/PCBM sample. The possible mechanism that helps to understand the increase in open circuit voltage and short circuit current is also proposed in this work.
Introduction
The most efficient bulk heterojunction photovoltaic devices comprise blends of poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) and the best P3HT/PCBM heterojunction devices currently have power conversion efficiencies of around 6% and quantum efficiencies approaching 100% [1] . In this work we have made an attempt, for the first time, to demonstrate a relative improvement in the efficiency of the devices by adding ferroelectric nanoparticles to the P3HT/PCBM blends. We have previously demonstrated that by adding ferroelectric nanoparticles, such as barium titanate into polymers, can have a significant effect on dielectric constant of the insulating polymers [2] and the photoconductivity of organic photoconductor materials [3, 4] . We are anticipating, but not yet fully demonstrated, that the increase in permittivity is also present in the photoconductive polymers doped with ferroelectric nanoparticles.
As it has already been established by a number of workers that organic photovoltaic (OPV) devices are excitonic in nature, which is to say that in conventional a e-mail: spaul@dmu.ac.uk semiconductor (CSC) cell the incident photon creates free carriers immediately once absorbed whereas the excitonic semiconductor (XSC) creates electrostatically bound charge carriers called excitons. Whether a material behaves conventionally or excitonically is strongly dependent upon the electrical permittivity of the material. It is possible to determine whether a material will behave as an XSC or a CSC by comparing the ratios of the Bohr radius with the Coulomb radius. Therefore let the ratio of r c to r B be called γ.
A value of γ > 1 indicates that the material will exhibit XSC behaviour and conversely a value of γ < 1 indicates a material that will behave as a CSC.
Where r 0 = 0.53Å and is the distance between the electron and the nucleus for hydrogen like structures such as silicon and excitons, m e is the mass of a free electron in a vacuum and m eff is the effective mass of the electron in the semiconductor, q is the charge on the electron, ε is the relative permittivity of the material and r c is the critical distance between the charges, k B is Boltzmann's constant and T is the temperature of the system. The material will behave in an excitonic manner if r c > r B and where r B is greater than the radius of the particle [5] . It is important to mention here two important caveats to this model; firstly m eff is not well defined in XSC materials due to the fact that charge transport generally occurs due to a hopping mechanism rather than delocalised band transport, secondly ε is a bulk property of the material and tends towards the permittivity of free space at small scales [5] .
Persson and Iganas [6] have suggested a seven step process of charge generation in XSC materials:
1. Photon incoupling. 2. Photon absorption. 3. Exciton formation. 4. Exciton migration. 5. Exciton dissociation. 6. Charge transport. 7. Charge collection.
Although it can be argued that processes 1 and 2 are essentially the same and this could be a six step process this description is essentially accurate and corresponds with the work of Moliton and Nunzi [7] . Once an exciton has formed (step 3) it is free to move within the polymer matrix, however the distance that an exciton can travel is limited to a few tens of nanometers before they recombine. It is essential therefore that they can dissociate before they recombine. The object of this research is to attempt to maximize the dissociative region of the material and hence increase the overall electron harvest by maximizing the amount of excitons that dissociate into charge carriers.
In bulk heterojunction devices charge separation occurs when an exciton travels to an interface between the photoconductive polymer where the exciton is produced and the electron accepting nanoparticles in the polymer matrix, in this case P3HT and PCBM, respectively. At the interface between the two materials an electrochemical potential is set up that is equal to the difference between the Fermi levels for each material [8] . This potential results in an electron flow from the PCBM to the polymer, which results in a depleted region surrounded by positively charged polymer, due to an excess of holes and a negatively charged PCBM molecules due to an excess of electrons. Once an equilibrium state is reached an electric field is set up which is essential for charge separation [8] . Exciton dissociation occurs if the Coulomb forces binding the exciton are less than the built in field of the junction (qΦ bi ).
Therefore by increasing the relative permittivity of the bulk material we can influence at least two important factors in exciton dissociation and hence charge production, namely; increasing permittivity decreases the Coulomb potential in the exciton, and increases the Debye length of the material, which is related to the width of the depletion region [6] , and hence to the dissociative region [8] .
In this work we have added ferroelectric barium titanate (BT) and strontium titanate (ST) to blends of PCBM and P3HT. The commercially available BT and ST nanoparticles are cubic in nature and not ferroelectric in this state. By annealing these nanoparticles in Table 1 . Polymer-nanoparticle blends used in active layers.
Sample
P3HT PCBM BT ST (mg/ml) (mg/ml) (mg/ml) (mg/ml) 1 air at 1000
• C the structure of the molecules was altered from cubic to tetragonal and hence to a ferroelectric state prior to inclusion in the blend [9] [10] [11] . The samples were electrically tested in our solar simulator and their absorption characteristics were measured using UV-Vis spectroscopy. The fill factor (FF) and power conversion efficiency (PCE) were calculated from the current-voltage (I-V ) [12] characterisitics.
Experiment
A blend of P3HT with varying concentration ferroelectric nanoparticles was prepared to understand the effect on dielectric constant. The dielectric constant was deduced from capacitance-voltage measurement of metalblend-metal structures.
Three sets of sample solar cells were fabricated with different concentrations of P3HT, PCBM and while keeping strontium titanate (average size <60 nm) and barium titanate nanoparticles (average size <70 nm) concentrations (10 mg/ml) the same. The base solution for each concentration was a blend of P3HT and PCBM, to which was added either no nanoparticles to form a control sample, ST or BT. The concentrations for the P3HT/PCBM samples were; 20, 30 and 40 mg/ml in a 1:1 ratio. TheP3HT/PCBM/nanoparticle blend was a 1:1:0.5 ratio. The concentrations of the samples are detailed in Table 1 . Samples 1, 2 and 3 were compared initially to determine the ideal concentration, and then the samples containing the ferroelectric nanoparticles were prepared and compared with the control sample for that concentration.
The schematic of various structures of the samples is shown in Figure 1 .
The devices were prepared by first spin coating a layer of poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) (∼30 nm) onto cleaned ITO (∼80 nm) coated glass substrate. This followed by the deposition of P3HT/PCBM active layer (∼100 nm) by spin coating. Aluminium top electrodes, 1 cm 2 area, were deposited by thermal evaporation at a chamber pressure of ∼1 × 10 −6 mbar. Electrical tests were carried out on the samples using standard current-voltage (I-V ) tests in both illuminated and non-illuminated conditions. The illumination used was an Oriel AM1. 5 UV-Vis measurements were carried out on samples deposited on ITO coated glass substrates using the Thermo Scientific Evolution 300 spectrometer.
Results and discussion
It has been known for some time that by adding high permittivity (high k) materials, particularly ceramics, to polymers and epoxy resins that the permittivity of the blend of materials will be higher than that of the original polymer or epoxy alone [13] [14] [15] [16] [17] [18] . A number of models have been proposed which describe the effective permittivity (ε eff ) of the composite material and a few of which are presented and compared below. The simplest model is known as the volume fraction average model and is a summation of the relative fractions of each type of material by volume. This method is generally held to be inaccurate, but can be used for a quick first approximation [14] .
where; φ is the volume fraction, ε is the permittivity and the subscripts 1 and 2 represent the polymer and ceramic material, respectively. This model predicts a sharp increase in permittivity at a relatively small fraction of ceramic filler, which in practice does not occur [14] . More accurate models are based on "mean field theory" which reduces all interactions on a body to a single average interaction thus removing the uncertainty generally associated with a many body problem. The Maxwell-Garnett equation is one such model [14, 18] which can be written as:
This is valid for a single ceramic or ferroelectric particle surrounded by polymer. This equation also has a drawback in that as it is valid only when the filler fraction is infinitesimally small. The Bruggeman model is another mean field theory model that treats the polymer/ceramic matrix as a series of repeated units of spherical ceramics surrounded by polymer. This can be written as [14, 18] :
In this model the value of the dielectric constant increases dramatically for ceramic filler volumes of 20% and above.
The two final equations compared here are the logarithmic Lichtnecker equation:
and the "effective medium theory (EMT) model" that describes the permittivity of a two part system in terms of the relative fractions of the components: where n is a correction factor which compensates for the non spherical nature of the ceramics and is generally less than 0.15 for a polymer/ceramic matrix. To obtain comparative permittivity measurements for samples of P3HT containing varying quantities of barium and strontium titanate. The first set of samples used the capacitance measurements and after some optimisation produced reliable results. It is thought that the problems in making reliable measurements with this technique were twofold, firstly any minor imperfection in the layer such as pinholes could cause the device to fail and secondly the any clumping of nanoparticles could provide a path for electrical conduction. Also high leakage currents can lead to unusual results such as negative capacitances and unusually high or low results [19] [20] [21] . Once uniform films were produced after optimisation of various parameters, the majority of these issues disappeared and reliable measurements could be taken. In order to overcome the difficulties in making these measurements the polymer/nanoparticle solution was left in the ultrasonic bath for a minimum of 8 hours to maximise the dispersion of the nanoparticles in the polymer.
Given that barium titanate and strontium titanate caused an increase in photoconductivity both were investigated to determine what, if any, effect they would have on the permittivity of P3HT. Figure 2 clearly demonstrates an almost linear increase in the permittivity of P3HT with increasing volume fraction of barium titanate. The upper limit of this effect has not been investigated as the concentration levels required to determine this would be far in excess of the levels required to fabricate functional photovoltaic devices. The EMT model fits the data well with an R 2 value of 0.925. The measured value of permittivity for the closest result to 20 mg/ml concentration is 8.24 compared to 7.74 as predicted by the model. Figure 3 shows the results of the permittivity measurements for samples of P3HT with varying concentrations of strontium titanate. The increase in permittivity in this case is slightly higher than that produced by barium titanate with similar levels of concentration, which could be expected from the fact that strontium titanate is a 50403-p3 EPJ Photovoltaics higher k value to begin with. These data confirm that both barium and strontium titanates are suitable candidate materials to be added to P3HT/PCBM blends to potentially increase the efficiency of this type of solar cell.
The first test of photoconductivity using P3HT films used only barium titanate, although subsequent tests also included strontium titanate. Figure 4 shows the results of the first test, with a base 20 mg/ml solution of P3HT was divided into two vials, one was kept as a control and the other was added to pre-measured barium titanate, which produced a solution with a concentration of BT of 20 mg/ml. The solution was ultrasonicated until the BT was in full suspension and then spin coated onto glass. Top metal electrodes were deposited to measure the photoconductivity.
The sample containing BT (blue line), clearly improves this to ∼1.1 × 10 −7 A and also reduces the hysteresis in the curve, producing an almost linear state. It is clearly evident from the data gather for dielectric constant of P3HT as a function of ferroelectric nanoparticles concentration and its effect on the photoconductivity may re- The UV-Vis spectroscopy measurements shown in Figure 5 suggest that samples 1, 4 and 5 have absorption peaks at two different energy values; the first around 334 nm and the second at 490 nm. The first peak is slightly shifted to 331 nm in sample 4 containing strontium titanate but remains at 334 nm in the other two samples. The 490 nm peaks correspond in all three samples and agree with other works with regard to the location of the peaks in the green part of the spectrum. The absorption shoulders that are expected between 500 and 600 nm are not very pronounced in these samples. This may be a characteristic of the solvent which in this case was chloroform. Samples with chlorobenzene based solvents have been shown by Vanlaeke et al. to show flatter regions in this area [22] . It can clearly be seen that the relative absorbance of both polymer blends containing ferroelectric nanoparticles is greater than those of P3HT/PCBM alone. We believe that this link to the increase in the dielectric constant of the P3HT/PCBM system by addition of ferroelectric nano-particles, which might increase the Debye length and longer availability of the charge carriers in admixture and further investigation is needed to confirm this. The comparison of samples 1, 2 and 3 is presented in Figure 6 . It is clear from both the shape of the curves and the fill factor and efficiency that sample 1 (20 mg/ml) has the highest overall efficiency. The open circuit voltage is higher for both samples 2 and 3, but the fill factor is reduced for these samples as there is an increased effect from resistances that is causing flattening of the curves. Form these initial results the decision was taken to use a base solution of 20 mg/ml and to add the ferroelectric nanoparticles to this solution. The solution used was from the same batch as solution 1 and the nanoparticles were added as described above.
The I-V characteristics of samples 1, 4 and 5 are presented and compared in Figure 7 . Figure 7a shows a comparison between samples 1 and 4. Both samples exhibit curves of similar shape, presenting the expected diode like behaviour. Sample 4, containing ST clearly produces higher open circuit voltage and short circuit current than sample 1. From the theory stated above one explanation for the increase in current is the increased numbers of [23, 24] . We anticipate additional measurements in the near future to confirm the increase in permittivity of the material and to determine the variations in the built in potential. Figure 7b shows the comparison between samples 1 and 5, as with sample 4 the open circuit voltage and short circuit current are increased, but the curve of sample 5 does not retain the expected ideal diode like shape compared to sample 1. In any solar cell, XSC or CSC, there are two resistances; a series resistance (r s ) related to the contact and bulk resistances and a shunt resistance (r sh ) arising from the contact alone, in an ideal device r s = 0 and r sh = ∞. As r s increases and r sh decreases the diode moves away from perfect diode like behaviour and the shape of the curve is flattened. For reasons not currently clear the resistances in the BT sample are obviously affecting the behaviour of the material, why this is not evident in the ST sample is also not known at present.
The V oc , I sc , fill factor and PCE of different samples are tabulated in Table 2 .
While the overall efficiencies of these devices are not high compared to the best devices currently produced by other research groups, the relative efficiencies are compared in this work. Sample 4 presents an overall PCE of 2.37% which is almost a factor of four greater than the control sample. Even though the resistances have affected the diode characteristics of sample 5 it still has a higher PCE than the control. Strontium titanate, shows great promise as an additive to improve the performance of OPV devices as does barium titanate if the resistances in the devices can be overcome. It is hoped that by continuing to use ferroelectric nanoparticles in these devices that we can improve their efficiency compared to P3HT/PCBM devices alone.
Conclusions
We have demonstrated that out of three concentrations of P3HT/PCBM the most efficient and closest to an ideal diode is 20 mg/ml. We have also shown that it is possible to improve the efficiency of P3HT/PCBM OPV devices by adding ferroelectric nanoparticles such as strontium 50403-p5 titanate or barium titanate to the active layer. The maximum efficiency obtained was by the sample containing strontium titanate, which was four times more efficient than the P3HT/PCBM control sample. The sample with barium titanate was more efficient than the control, but was limited by the fact that the resistances in the cell reduced the ideal diode like characteristics of this device. Ferroelectric nanoparticles may offer one route towards the efficient organic photovoltaic devices.
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